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Seafloor-derived silicified volcanic and sedimentary rocks provide unique records of
hydrothermal systems that operated at the top of the Paleoarchean submerged crust. Based
on petrographic, thermometric, and geochemical analyses, we distinguish the signatures
of Paleoarchean hydrothermal activity from those due to subsequent metamorphism
and weathering in silicified volcanic and sedimentary rocks sampled from the 3.5–3.2 Ga
Barberton Greenstone Belt. Measured 138La-138Ce and 147Sm-143Nd isotopic compositions
indicate that weathering by post-Archean oxidised fluids modified LREE abundances in
samples displaying Ce anomalies. Raman spectroscopy of carbonaceous material, chlorite
thermometry and oxygen isotope thermometry provide evidence for mineralogical resetting
by regional metamorphism at ∼ 350 ± 50 °C, which arguably did not modify the bulk-rock
geochemistry. Oxygen isotope fractionation in a quartz-carbonate assemblage preserved
from subsequent resetting provides a minimum temperature of ∼ 110 ± 50 °C interpreted as
the highest possible temperature of the Paleoarchean silicifying hydrothermal fluids. Y/Ho
and Zr/Hf ratios are chondritic in silicified volcanic and clastic sedimentary rocks, which
differentiates them from Archean orthochemical cherts with suprachondritic Y/Ho and Zr/Hf
ratios. Finally, silicified volcanic rocks that are free of Ce anomalies (mostly unweathered
by oxidising fluids) display slightly lower Sm/Nd ratios and more variable Lu/Hf ratios than
non-silicified counterparts, which we ascribe to differential REE mobilisation by silicifying
hydrothermal fluids. The modification of Sm/Nd and Lu/Hf ratios during Paleoarchean
hydrothermal activity should be integrated in future Sm-Nd and Lu-Hf isotopic investigations
of hydrothermal inputs to Archean ocean chemistry and of recycled seafloor-derived rocks.

1 Introduction

Silica-rich supracrustal rocks from the Paleoarchean (3.6–
3.1 Ga) constitute some of the oldest preserved records of
Earth’s surface and oceanic environments. These rocks
are of particular interest as they offer insights into ocean
composition, hydrothermal fluid properties, and crustal
processes on the early Earth. These lithologies can broadly
be divided into two categories. The first group includes
chemical sedimentary rocks, such as cherts and banded

iron formations (BIF), which precipitated directly from
seawater. Their composition suggests that early oceans
were near saturation with respect to silica (André et al.,
2022; Robert and Chaussidon, 2006; Siever, 1992), but
also contained high concentrations of dissolved ferrous iron,
as a result of anoxic conditions prevailing at that time
(Konhauser et al., 2017; Planavsky et al., 2011). These
chemical sedimentary rocks are thus considered key archives
of the physico-chemical properties of Paleoarchean seawater
(Jaffrés et al., 2007; Kasting et al., 2006; Lowe et al., 2020).
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The second category of silica-rich supracrustal rocks consists
of hydrothermally silicified volcanic and clastic sedimentary
units that formed beneath ancient oceans through the
replacement of primary magmatic and detrital phases by
silica, due to the circulation of seawater-derived, silica-rich
hydrothermal fluids (Abraham et al., 2011; André et al.,
2022; Brengman and Fedo, 2018; de Wit and Furnes, 2016;
Hofmann and Wilson, 2007; Paris et al., 1985). This
observation raises concerns that at least some chemical
sedimentary rocks, regarded as direct archives of early
ocean chemistry, underwent similar fluid-rock interaction
processes on the seafloor, which could overprint their original
record (Kitoga et al., 2024). Moreover, most Paleoarchean
terrains have been subjected to regional metamorphism,
which can range from simple recrystallisation, preserving
bulk-rock geochemistry (Condie et al., 1977; Lécuyer et al.,
1994), to more intense overprinting involving elemental
remobilisation at the whole-rock scale (Hayashi et al., 2004;
Weis and Wasserburg, 1987a). Evaluating the effects of
metamorphism on mineralogical and geochemical proxies,
such as chlorite chemistry, Raman spectra of carbonaceous
material and δ

18O values in quartz and carbonates, (e.g.
Heck et al., 2011; Johnson and Wing, 2020), is therefore
crucial for avoiding biases in the reconstruction of Pale-
oarchean fluid temperatures and conditions. In addition to
hydrothermal and metamorphic overprinting, many silica-
rich Paleoarchean rock exposures have interacted with
surface meteoric waters (Lowe and Byerly, 2007b; Reimann
et al., 2021; Saitoh et al., 2021), further modifying their
geochemical signatures. Such weathering processes have
been shown to affect rare earth element (REE) patterns
(Banerjee et al., 2016; Bonnand et al., 2020; Planavsky
et al., 2020; Pfennig et al., 2025). As a result, there is
an ongoing debate regarding the use of certain elemental
ratios, such as Zr/Hf and Y/Ho, to distinguish seawater-
precipitated sediments from hydrothermally silicified volcanic
rocks (Bolhar et al., 2004; Brengman and Fedo, 2018;
Yoshida et al., 2024). Combining petrography, elemental
concentration, isotope systematics, and thermometric prox-
ies can help distinguish preserved primary signatures from
those overprinted by secondary events in silicified rocks
derived from the Archean seafloor.

This study investigates the mineralogical and geochemical
composition of silicified volcanic rocks and clastic sedi-
mentary rocks from the 3.5–3.1 Ga Barberton Granitoid-
Greenstone Terrain. The samples analysed were collected
from five stratigraphic sections comprising volcanic units and
sedimentary units, spanning in age from 3.53 to 3.3 Ga. In
addition to previously published mineralogical and geochem-
ical data on silica-rich rocks from the Onverwacht Group
(Abraham et al., 2011; Duchac and Hanor, 1987; Geilert
et al., 2014; Grosch, 2018; Hanor and Duchač, 1990; Hof-
mann et al., 2013; Hofmann and Harris, 2008; Kitoga et al.,
2024; Ledevin et al., 2019, 2014, 2015; Marin-Carbonne
et al., 2011; Rouchon and Orberger, 2008; Stefurak et al.,
2015; Tice et al., 2004; Xie et al., 1997; Zakharov et al.,
2021), new petrographic observations, thermometric data
(including Raman spectroscopy of carbonaceous material,

chlorite thermometry, in-situ oxygen isotope thermometry in
quartz-carbonate assemblages), and bulk-rock geochemical
measurements (major and trace elements, La-Ce and Sm-Nd
isotopic systematics) on silicified volcanic and sedimentary
rocks are presented. The objectives of this study are (1)
to assess the potential overprints of metamorphism and
weathering on the mineralogy and geochemistry of the
analysed rocks, thereby offering a critical evaluation of
the compositional evolution of the rocks throughout their
history; (2) to quantify the temperature of Paleoarchean
silica-rich hydrothermal fluids; and (3) to pinpoint the
specific geochemical signatures resulting from the circulation
of hydrothermal fluids in the Paleoarchean supracrustal
rocks.

2 Geological setting and samples

2.1 Regional geology

The 3.5–3.1 Ga Barberton Granitoid-Greenstone Terrain is
located in the NE part of the Kaapvaal Craton in Southern
Africa. It comprises four different generations of granitoids
surrounding a succession of supracrustal rocks known as the
Barberton Greenstone Belt (Figure 1; Moyen et al., 2019;
Byerly et al., 2019). The investigated Onverwacht Group
is the lowermost stratigraphic subdivision of the Barberton
Greenstone Belt and largely consists of mafic to ultramafic
volcanics that emplaced in a sub-oceanic setting (Armstrong
et al., 1990; Byerly et al., 2019; Lowe and Byerly, 1999).
It is overlain by large sedimentary successions belonging
to the 3.3–3.2 Ga Fig Tree and Moodies groups (Figure 1;
Drabon and Lowe, 2021; Heubeck, 2019; Heubeck and
Lowe, 1994). Some lava flows of the Onverwacht Group
are silicified at their tops due to the circulation of seawater-
derived hydrothermal fluids and overlain by sedimentary
layers (Hofmann et al., 2013; Hofmann and Harris, 2008;
Paris et al., 1985). These sedimentary layers are largely
dominated by variably silicified clastic sedimentary rocks,
commonly identified as cherts sensu lato when their SiO2

content exceeds ∼ 80 wt %, although some detritus-free
orthochemical cherts (or cherts sensu stricto) are also
locally present (Knauth and Lowe, 1978; Ledevin et al.,
2019; van den Boorn et al., 2010). Cherts are generally
classified on the basis of their macroscopic appearance as
grey, black and black-and-white chert (Hofmann et al., 2013;
Lanier and Lowe, 1982; Ledevin et al., 2014), although the
correlation between this classification and chert’s origin
remains unclear. Occasionally, non-silicified sedimentary
rocks are also preserved within the Onverwacht Group
(Dziggel et al., 2002; Lowe and Byerly, 2020).

A major geodynamic event deformed and metamorphosed
the Onverwacht Group ∼ 3.2 Ga ago. The age of this
tectono-metamorphic event was determined by dating gar-
net, monazite and titanite from lower Onverwacht Group
rocks in the southern part of the belt which was subjected
to high-pressure amphibolite facies conditions of ∼ 7.5 kbar
and 550 °C (Cutts et al., 2015; Diener et al., 2005). Despite
folding, the portion of the Onverwacht Group that occurs
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Figure 1. (a) Simplified geological map of the Barberton Granitoid-Greenstone Terrain and (b) Stratigraphic succession of
the central part of the Barberton Greenstone Belt modified after Anhaeusser (1981) and Hofmann and Harris (2008).
Grey stars indicate the positions of the studied sections on the map and on the stratigraphic succession.

above the Komati Fault is generally agreed to represent
a > 9 km-thick continuous and seafloor-deposited volcano-
sedimentary succession (Hofmann and Harris, 2008; Lowe
and Byerly, 2007a). This succession includes four different
stratigraphic units: Komati, Hooggenoeg, Kromberg and
Mendon formations (Figure 1; see recent review by Byerly
et al., 2019). The Sandspruit and Theespruit formations,
located below the Komati Fault, were buried to depths
of at least 25 km during the ∼ 3.2 Ga amphibolite facies
event, and represent a much deeper crustal section that was
exhumed along the Komati Fault at 3.2 Ga (Kisters et al.,
2003; Stevens and Moyen, 2007). Despite these structural
complexities, the geological formations constituting the
Onverwacht Group collectively comprise distinguishable
stratigraphic members, each of which represents one or
several layers of volcanic material (generally silicified at the
top) and overlying sedimentary units (Byerly et al., 2019;
Hofmann and Harris, 2008).

2.2 Studied sections and samples

Studied samples originated from five different stratigraphic
sections (Figure 2) that include sedimentary layers (com-
prising black cherts, grey cherts, black-and-white cherts or
schistose felsic sediments) and silicified volcanic rocks. The
lithologies featured in Figure 2 are based on lithological
descriptions at outcrop scale and petrographic descriptions
at hand-specimen and thin-section scales, and each section
is named after the stratigraphic unit to which it belongs.
Drone images of the studied sections with exact sample

location are provided as Supporting Figures (S1-S4; Kitoga
et al., 2025).

2.2.1 The Theespruit section

The Theespruit section was previously described by Hofmann
and Harris (2008) and is part of the amphibolite facies
portion of the Onverwacht Group. The felsic rocks of the
Theespruit section were dated at ∼ 3.53 Ga by Kröner et al.
(2016). It is exposed in a river bed within the Tjakastad
locality that was previously studied for lithological and miner-
alogical compositions by Diener et al. (2005) and Hofmann
and Harris (2008). From the base upward, this section con-
sists of amphibolitic pillows and amphibolite schists (> 30 m)
representing metamorphosed volcanic rocks, overlain by a
black chert layer (< 1 m) and felsic metasedimentary schists
(∼ 14 m; Figure 2a). Representative samples for each of
these lithological types were considered in this study.

2.2.2 The Middle Marker section

The Middle Marker section comprises ∼ 3.48 Ga old cherts
and silicified volcanic rocks situated at the top of the Komati
Formation (Figures 1, 2b). Our Middle Marker samples were
collected from a ∼ 7 m thick portion of a chert unit and from
more than 30 m of the underlying silicified volcanic rocks
(Figure 2b). A relatively fresh volcanic rock sample (SK-
KM02) was also obtained downwards of the stratigraphic
succession, more than 100 m below the interface between
sedimentary and volcanic rocks. The cherts were interpreted
by Lanier and Lowe (1982) to represent silicified volcaniclas-
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Figure 2. Detailed lithostratigraphic logs of the studied localities with the location of collected samples: (a) Theespruit
section, (b) Middle Marker section, (c) Hooggenoeg 3 section, (d) Hooggenoeg 4 section, (e) Mendon 1 section. The
location of each stratigraphic section on the geological map and stratigraphic succession of the Barberton Greenstone
Belt is shown in Figure 1. In bold are samples that were selected for major and trace element, isotopic and thermometric
analyses.

tic components that were initially deposited in a relatively
shallow sub-aqueous environment. These sedimentary rocks
currently occur as grey, black, and black-and-white cherts
that preserve primary sedimentary structures, confirming a
clastic origin; a representative sample was considered for
each of these lithological types (Figure 2b).

2.2.3 The Hooggenoeg 3 and 4 sections

The Hooggenoeg 3 and 4 sections formed between the
3.48 Ga age of Komati Formation and the 3.41 Ga age of
felsic volcanic rocks from the Buck Reef Unit (Figure 1;
Armstrong et al., 1990). The Hooggenoeg 3 section is
made of > 100 m-thick silicified and ocelli-bearing pillows
together with overlying ∼ 6 m-thick black-and-white cherts
(Figure 2c; Hofmann and Harris, 2008). The Hooggenoeg
4 section includes a ∼ 1 m thick chert layer comprising
grey and black-and-white chert layers as well as a silicified
basaltic unit exceeding 100 m in thickness (Figure 2d).
Unfortunately, the upper 5–8 m of the topmost volcanic
rocks underlying both Hooggenoeg 3 and Hooggenoeg 4
cherts showed macroscopic evidence of intense surface
weathering mostly transforming them into soil and could
therefore not be sampled for the present study.

2.2.4 The Mendon 1 section

The Mendon 1 section (also called Msauli or Umsoli section
in the literature; e.g. Heinrichs, 1984; Lowe and Byerly,
1986; Rouchon and Orberger, 2008) is named after the
Mendon 1 Chert Unit situated at its top. The sedimen-
tary portion of this section is slightly over 20 m-thick and
comprises black-and-white, black and grey cherts that were
previously interpreted to represent silicified volcaniclastic
sedimentary rocks (Figure 2e; Heinrichs, 1984; Rouchon
and Orberger, 2008; Stanistreet et al., 1981; Trower and

Lowe, 2016). The deposition of these cherts was esti-
mated to have occurred around 3.33 Ga based on zircon
U-Pb geochronology (Decker et al., 2015). These cherts
are underlain by silicified volcanic units displaying various
textures that include the hydrothermally induced zebraic
texture as well as relicts of the magmatic spinifex texture
(Hanor and Duchač, 1990; Hofmann and Harris, 2008).
We sampled each chert unit together with the top 15 m of
silicified volcanic effusive rocks occurring directly below the
Mendon 1 chert layer for this study (Figure 2e). In addition,
relatively fresh volcanic rocks (SK-ME26 and SK-ME27)
were also sampled more than 150 m below the Mendon 1
chert.

3 Methods

After lithological description of the outcrops, representative
samples were collected from each of the five studied sections.
The samples were collected from surface outcrops using a
hammer and a chisel. Each sample was cut into cm-thick
rock slabs of which different slabs per sample were dedicated
to thin section and powder preparation. With the prepared
thin sections, petrographic studies were performed using
a polarising microscope and a Zeiss EVO MA15 scanning
electron microscope (SEM) coupled with an Oxford INCA
energy-dispersive spectrometer at Stellenbosch University.
Backscattered electron images were acquired at a working
distance of∼ 8.5 mm, an accelerating voltage of 20 kV and a
measurement current of ∼ 19.5 nA. Additionally, a tungsten-
carbide jaw crusher and an agate ball mill were used for
rock powder preparation. During powder preparation, an
effort to remove as much weathered surface as possible was
made.
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3.1 Raman spectrometry and the carbonaceous material
thermometer

We acquired 45 Raman spectra of carbonaceous materials
from four different chert samples: SK-MM06 from the
Komati section, SK-HO03 from Hooggenoeg 3, SK-HO25
from Hooggenoeg 4 and SK-ME11 from the Mendon 1 sec-
tion. These analyses were performed using an InVia confocal
Raman micro-spectrometer equipped with a 532 nm diode
laser, a Peltier-cooled CCD detector of 1024 x 256 pixels,
an automatised stage and a Leica DM 2500M optical
microscope at Laboratoire Magmas et Volcans, Univer-
sity Clermont Auvergne. Before analytical sessions, the
spectrometer was calibrated to a reference Si peak at
520.5 ± 0.5 cm-1. Analyses were carried out on ∼ 30 µm-
thick polished thin sections and targeted carbonaceous
materials that were covered by 4–6 µm of quartz to avoid de-
tecting deteriorations due to polishing. Acquisition time was
calibrated at 6 times 15 s for each point. During acquisition,
the laser beam passed through a 100× microscope objective
under standard confocality (slit aperture set to 65 µm) with
a final power of 1 to 4 mW at the analysed surface. Spatial
resolutions of 1 to 3 µm and a spectral resolution better
than 1 cm-1 were achieved. We used Wire 4.2 software
to perform the following actions of data treatment: (1)
correct for fluorescence effects by applying a linear baseline,
(2) crop only the 1100–1850 cm-1 from the original spectra
(acquired between 500 and 2400 cm-1), (3) deconvolute
and fit the different curves corresponding to carbonaceous
material peaks by a series of iterative calculations, and
finally (4) measure the areas occupied by each peak.

The equilibrium temperature of carbonaceous materials is
routinely estimated based on the release of heteroatoms and
hydrogen, associated with a reorganisation of carbonaceous
materials into crystalline graphite with increasing
temperature (Beyssac et al., 2002). At low temperature
(100 to 600 °C), the Raman spectra of carbonaceous
materials display the G peak of graphite at a shift of
∼ 1580 cm-1 and four D peaks representing disorganised
carbon that occur respectively at ∼ 1350 cm-1 (D1),
∼ 1610 cm-1 (D2), ∼ 1450 cm-1 (D3) and ∼ 1190 cm-1

(D4). Progressive reductions of D peaks and enhancement
of the G peak during the elevation of the temperature
allowed Beyssac et al. (2002) to propose a thermometer
that is applicable to samples that equilibrated at peak
temperatures of 300 to 600 °C. This calibration is expressed
as follows: T (°C) = -445×R2+641, where R2 is given by
R2 = D1/(D1+D2+G), and spectral values (i.e. D1, D2
and G) are considered as integrated areas for the respective
peaks (Beyssac et al., 2002).

3.2 Secondary ion mass spectroscopy (SIMS)

The CAMECA 1280 HR SwissSIMS instrument was used for
oxygen isotope analyses on quartz and carbonate phases at
the University of Lausanne. These analyses were conducted
on 3 x 4 cm portions of thin sections that were pressed
into indium mounts together with quartz and carbonate
standards. The topography of the indium mounts did not
exceed 5 microns of elevation difference, as determined with

a Bruker GT-K white light interferometer. Three quartz-
carbonate couples from SK-ME18 (Mendon 1 section) and
one couple from SK-MM11 sample (Komati section) were
selected for SIMS analyses of 4 to 7 carbonate spots and 7
to 11 quartz spots. At 10 kV, a 1.3 nA primary beam of Cs+

ions was focused to a 15-micron-sized spot diameter. The
mass resolving power was set at 2400 using an entrance
slit of 122 microns and multicollection exit slits of 1 to
resolve mass interferences due to the OH- contribution. O
isotopes were measured in multicollection mode, on two
off axis Faraday cups. Each analysis lasted ∼ 3 minutes
that included 30 s of pre-sputtering, allowing centering of
the secondary beam and background measurements of
Faraday cups, and 20 cycles of 5 seconds of secondary
ions collection. The data initially obtained as 18O/16O
ratios were converted into the classical delta-notation rela-
tive to VSMOW reference [δ18O = 1000×[(18O/16Osample)
- (18O/16OVSMOW)] / (18O/16OVSMOW)]. Repeated analy-
ses of UNIL-Q1 reference quartz allowed correcting of
quartz analyses for instrumental mass fractionation and
provided an external error range (2 SD) of 0.4 ‰ for δ

18O
analyses. Additionally, repeated analyses of the UNIL-
C1 (2 SD = 0.5 ‰), UNIL-C4 (2 SD = 0.3 ‰) and KPIK
(2 SD = 0.5 ‰; see Supporting Table S1; Kitoga et al.,
2025) reference materials allowed correcting of carbonate
analyses for instrumental mass fractionation considering
effects of major element compositions (i.e. calcite ver-
sus ankerite; Bégué et al., 2019; Rollion-Bard and Marin-
Carbonne, 2011; Śliwiński et al., 2018, details on these
corrections can be found in Table S8).

3.3 Electron probe micro-analyses (EPMA)

Major and minor element compositions were measured for
(1) all the carbonate grains analysed by SIMS, and (2)
for chlorites found within areas exceeding 100 micrometre
square in three sedimentary rock samples (SK-MM02, SK-
MM05, SK-ME13) and one silicified volcanic rock sample
(SK-ME24) using a CAMECA SX Five EPMA instrument
at the University Clermont Auvergne. As required by the
XMapTools software that was used to process these data
(Lanari et al., 2014), we coupled X-ray maps of areas reach-
ing 350 x 350 µm with qualitative analyses of specific zones
within these areas. Qualitative analyses were performed
with a current of 15 nA, an accelerating voltage of 15 kV
and a counting time of 20 s. For acquisition of X-ray maps,
a 100 nA current was applied with a dwell time of 0.1 s and
a step size of 1 µm. The following internal standards were
used for calibration during quantitative analyses: albite for
Si, forsterite for Mg, fayalite for Fe, orthoclase for K and
Al, anorthite for Ca, rhodonite for Mn and calcite for Ca.

3.4 Bulk-rock major and trace element analyses by XRF
and ICPMS

Thirty-two representative samples were analysed for major
and trace elements at Stellenbosch University and University
Clermont Auvergne, respectively. The volatile content or
loss on ignition (LOI) was calculated after keeping ∼ 2 g of
rock powders in a muffle furnace at 1000 °C for a duration
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of 30 minutes. For analyses of the non-volatile major
elements, homogeneous discs were prepared by mixing
0.5 g of powder with 5 g of flux (32.8 % LiBO2 + 66.7 %
Li2B4O7 + 0.5 % LiI) and fusing the mixture at 1000 °C
in an automatic Claisse M4 Gas Fusion instrument. A
PANalytical Axios wavelength-dispersive X-ray fluorescence
(XRF) spectrometer was used to quantify the major element
concentrations at Stellenbosch University. Reference mate-
rials that are typically used for calibration of XRF analyses
at Stellenbosch University include SARM, NIST and USGS
geological standards. Several certified geological reference
materials including three basalts (BE-N, JB-1, BHVO-1),
one granodiorite (JG-1), and two granites (HUSG-1 and
WITS-G) were analysed repeatedly along with the samples
and returned a 2 SD value that was lower than 0.8 wt %
for SiO2 and Al2O3, and lower than 0.1 wt % for all the
other major oxides. Deviation of analysed reference material
compositions from published values is generally below ± 5 %
(see Table S2).

Trace element concentrations were analysed using an
Agilent Technologies 8900 QQQ-ICP-MS at Laboratoire
Magmas et Volcans, University Clermont Auvergne. Approx-
imately 50 mg of powder and 200 mg of crystalline NH4HF2

were weighed into Savillex beakers and kept for 24 hours at
220 °C in a furnace. After receiving 1 ml of 14 M HNO3, the
beakers were kept at 90 °C overnight and dried out on a hot
plate. Three successive series of dissolution in 0.5 ml 14 M
HNO3 at 90 °C and drying on a hot plate allowed getting
rid of residual fluorides. The samples were then completely
dissolved in 30–40 ml of 7 M HNO3 of which an aliquot
corresponding to 2.5 % of the dissolved rock powder was
taken for analysis. After complete evaporation, the aliquot
was finally dissolved in a solution made of 0.4 M HNO3 -
0.05 M HF and enriched to 2 ppb of Re, In and Bi that
served for monitoring the stability of the signal during the
sequences of analysis and for correcting the drift if necessary.
We used a dilution factor of 5000. The counts per second
measured in the solutions were converted to concentrations
by bracketing our samples with repeated measurements
of the USGS BHVO-2 certified standard. The signal of
chemical blanks was insignificant but was still removed
from unknowns to mitigate instrumental and chemistry-
induced errors. Repeated analyses of certified geological
reference materials including one granite (G2), four basalts
(BIR-1a, BE-N, JB-3, JB-1), one serpentinite (UBN) and
one banded iron formation (IFG) allowed estimating the
repeatability and the accuracy of our measurements (see
Table S3). Transition metals were measured using the
collision cell (He mode) and all other elements in “no
gas mode”. Reference materials provided both 2 RSD and
differences from previously published values that are lower
than 5 % for elements of interest in this study, namely REEs,
Y, Rb, Zr and Hf (Table S3).

3.5 Sm-Nd and La-Ce isotope analyses

Eleven samples were selected and processed along with the
BHVO-2 reference material and one chemical blank for anal-
yses of 138La-138Ce and 147Sm-143Nd isotopic systematics.

These samples are representative of the different lithological
types (i.e. silicified volcanic and sedimentary rocks) and
were selected considering their chondrite-normalised REE
patterns (e.g. variable Ce anomaly: Ce/Ce*PAAS = 0.39–
1.39). Depending on the REE contents, 50 to 300 mg of
rock powders were weighed into Savillex beakers, dissolved
using 29 M HF - 14 M HNO3 in proportion 3:1 and placed
for 48 hours on a hot plate. Once evaporated, samples were
dissolved (and dried) several times in concentrated HNO3.
Final solutions were prepared by dissolving dry contents of
the beakers in 5 to 18 ml of 6 M HCl. Aliquots consisting of
94 %, 5 % and 1 % of the prepared solutions were separated
and were respectively used for (1) the separation of Ce and
Ce isotopic measurement; (2) measurement of the Sm-Nd
systematics using the isotope dilution technique (149Sm-
150Nd mixed spike); and (3) determination of the La/Ce
ratios by ICPMS, respectively.

Cerium fractions were isolated in 3 steps previously de-
scribed in detail by Israel et al. (2020). Briefly, the aliquots
were firstly loaded in 2.5 M HCl into AG50W-X8 columns.
Major elements were removed using 2.5 M HCl and Ba
using 2 M HNO3. Subsequently, REEs were collected in
6 M HCl and dried out. Then Ce was separated from the
REE fraction after its transformation into Ce4+ using a
solution of 10 M HNO3 + NaBrO3. The other REEs under
the 3+ form are not retained into the LNspec resin using
this solution. Finally, the Ce fraction is collected later in a
7 ml wash using 6 M HCl mixed with H2O2. The obtained
Ce fractions were separated again from potential residues
of Ba using AG50W-X8 columns, where 2 M HNO3 allowed
eluting the residual Ba before Ce collection in 6 M HCl. ICP-
MS analyses of a small aliquot (1 %) of the Ce fractions
confirmed the success of the separation step before analysis
of isotopic ratios. The separation of Sm and Nd aliquots
started also with isolation of the REE in the AG50W-X8
column. Then, separation of Nd and Sm was realised using
diluted HCl (0.2 M and 0.5 M, respectively) in a LN-Spec
column.

Cerium isotopes were measured using a Thermo Scientific
Triton plus TIMS at University Clermont Auvergne using
the technique described in Bonnand et al. (2020) and
Israel et al. (2020). Ce isotopes are routinely measured
in oxide forms using double Re filaments. An analytical
run comprises 27 blocks of 20 cycles with 8.462 second
integration time, and 60 seconds of baseline measurement
before every cycle, such that each sample analysis lasted
approximately two hours once the filament is hot enough
to provide the desired signal. Corrections for (1) mass
bias using 136Ce/142Ce = 0.01688 (Makishima et al., 1986);
(2) oxide and (3) the effect of the 140Ce tailing on the
138Ce signals were done offline following Israel et al. (2020).
Repeated analyses of Ce AMES (CeLMV of Bonnand et al.,
2020) reference material provided 138Ce/142Ce ratios of
0.2256992 ± 0.00000077 (34 ppm, n = 8; Table S4). We
also obtained a 138Ce/142Ce of 0.02256408 ± 0.00000023
(n = 1) for BHVO-2. All these values are consistent with
previously published values (Bonnand et al., 2020; Israel
et al., 2020).
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Isotopic measurements for Nd and Sm were carried out
using a Thermo Scientific Neptune Multicollector ICP-
MS in University Clermont Auvergne. For Nd isotopic
measurement, the JNdi-1 reference material (Table S5)
has been analysed after every 3 samples and values have
been normalised to the published value of 0.512099 for
143Nd/144Nd (Garçon et al., 2018). We applied corrections
for instrumental fractionation (146Nd/144Nd = 0.7219) and
spike composition offline. After corrections, the BHVO-
2 standard provided 143Nd/144Nd and 147Sm/144Nd ratios
of 0.513019 ± 0.000018 and 0.1500 respectively, that are
consistent with published values (Garçon et al., 2018; Li
et al., 2012). External precisions (2 SD) are estimated at
0.5 epsilon unit for 143Nd/144Nd and 0.2 % for 147Sm/144Nd
ratios.

For high-precision La/Ce ratio measurement, we gravi-
metrically prepared 11 synthetic solutions with fixed La/Ce
ratios ranging between 0.3 and 1.3. Solutions were pre-
pared from La and Ce standards solution (ASTASOL) with
concentration known with a precision of 0.2 %. Three
to five repetitive analyses of 139La and 140Ce counts in
synthetic and natural solution using the Agilent Technologies
8900 QQQ-ICP-MS allowed precise determination of the
La/Ce ratios of samples. The La/Ce ratios obtained by
this technique are in good agreement with those calculated
directly from trace element concentrations (Table S6), but
this technique allows us to considerably improve the external
precision (2 RSD) from > 2 % when the La/Ce ratio is
calculated from trace element concentrations to 0.4 % (see
Table S6). The La/Ce ratio obtained for the BHVO-2
standard is 0.4048 ± 0.0003, consistent within uncertainty
with the value of 0.4053 ± 0.0004 determined by isotopic
dilution (Schnabel et al., 2017). Measurements of La/Ce
ratios using the two different methods (bulk trace element
measurement and repeated analyses of La and Ce from the
samples bracketed by synthetic solutions for which La/Ce
ratios are known) are compared in Table S6.

4 Results

4.1 Petrography

4.1.1 Silicified volcanic rocks

Silicified volcanic rocks are greenish to dark-greyish in colour
and are recognisable in the field by preserved magmatic
features such as the pillows observed in the Theespruit,
Komati and Hooggenoeg 3 sections (Figure 3a). They can
also feature an ocelli texture as observed in Hooggenoeg 3
section, e.g. sample SK-HO13 (Figure 3b). In the Middle
Marker and Mendon 1 sections, silicified volcanic rocks
locally display a hydrothermally-induced “zebra” texture
(Duchac and Hanor, 1987; Paris et al., 1985) composed
of centimetre-scale bands of silicified volcanic rock that
are interspaced with parallel quartz- and carbonate-bearing
veins (Figure 3c).

The volcanic rocks are increasingly silicified from the base
of sections (Figure 2) to the contact with the overlying
sedimentary layers. Under the microscope, textures of least-

silicified volcanic rocks reflect their volcanic origin while
partially to completely silicified volcanic rocks do not show
typical magmatic textures anymore (e.g. Figure 4b-d).
In the least silicified volcanic rocks, olivine and pyroxene
relicts, now replaced by epidote-dominated assemblages, are
present in a matrix containing different oxides (chromite and
Fe-Ti oxides), feldspars, carbonates and quartz (Figure 4b).
Partially silicified volcanic rocks show a heterogeneous tex-
ture depicting millimetre-scale quartz-rich and quartz-poor
zones reflecting different intensities of fluid circulation at
this scale. The quartz-poor zones are rather dominated by
phyllosilicates (muscovite and chlorite), oxides and epidote
(Figure 4c). In most pervasively silicified volcanic rocks,
magmatic minerals are almost completely replaced by a fine-
grained (< 30 µm) quartz-dominated cement (Figure 4d).
Variable amounts of carbonates, phyllosilicates, Fe-Ti oxides
and sulfides (pyrite, arsenopyrite, chalcopyrite and pent-
landite) are also disseminated in this quartz-rich cement.
Automorphic chromite occurring in many silicified volcanic
samples is considered as the only magmatic mineral that
survived the silicification process, although chromite is also
partially replaced by Fe-Ti-oxide in the pervasively silicified
volcanic rocks.

The mineralogical assemblage of volcanic rocks from the
Theespruit section reflects the amphibolite facies meta-
morphism constrained by previous studies (Cutts et al.,
2014; Diener et al., 2005). At the base of the Theespruit
section, volcanic rocks occur as amphibolites and are mostly
composed of amphibole, carbonate, oxides and quartz. The
upper part of the Theespruit volcanic unit appears as a
chlorite-bearing schist (Figure 2a) made of alternating,
sub-millimetre-scale quartz-rich and chlorite-rich layers that
contain also garnet and Fe oxides.

4.1.2 Silicified clastic sedimentary rocks

Grey and black-and-white cherts commonly exhibit a clastic
texture, with some pseudomorphs of detritic grains set in
a microquartz matrix (containing also minor muscovite,
chlorite, apatite, oxide and sulfide). These cherts may
display a characterising normal grading pattern towards the
upper levels of the sedimentary strata, where the amount of
detrital pseudomorphs decreases (Figures 3d, 5). Detrital
grain pseudomorphs show various morphologies ranging
from slightly angular to rounded grains. They are mostly
replaced by a quartz-dominated assemblage comprising also
phyllosilicate (i.e. muscovite and chlorite), carbonates
and oxide (Figure 4a-d). Quartz grains are often coarser
in the clast relicts than the microquartz constituting the
matrix. Within black-and-white cherts, white layers are
generally coarser-grained and contain more phyllosilicates
than black chert layers which are finer-grained and commonly
contain blackish carbonaceous materials and oxides. Overall,
the grey and black-and-white samples represent clastic
sediments silicified after their deposition on the seafloor.
These cherts still preserve some textural vestiges of their
clastic origin such as the detrital pseudomorphs and grading
patterns (Figure 5).
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Figure 3. Representative outcrop aspects of silicified volcanic rocks and sedimentary lithofacies. (a) Pillows from the
Theespruit Formation. (b) Ocelli-bearing silicified volcanic rock from the Hooggenoeg 3 Formation. (c) Zebra textured
silicified volcanic rock from the Mendon 1 section showing sequences of silicified volcanic rocks and generally parallel white
(quartz-rich) veins, although some veins cross-cut the zebra texture. (d) Bands of grey cherts with different clast grain
sizes and possible grading (see white triangle pointing to the top of a graded layer) crosscut by a black chert vein in the
Mendon 1 section. (e) Black-and-white chert showing decimetric to centimetric alternation of black and grey chert bands
in the Middle Marker Unit. (f) Black chert overlying a grey chert band at the top of the Middle Marker section.

Black cherts (Figure 3f) are generally dominated by mi-
croquartz (> 90 vol %) but contain also carbonates, sulfides,
oxides, carbonaceous materials and minor apatite in all
sections. Unlike grey or black-and-white cherts, they do not
feature evident clastic features and are free of visible clast
relicts.

Finally, metasedimentary schists (not illustrated) were
only observed in the Theespruit section that underwent
amphibolite-facies metamorphism (Figure 2a). These
metasedimentary schists are made of quartz, sericite and
oxide phases accompanied by accessory feldspar and garnet.
A preferred orientation of sericite in the samples controls
the schistosity. Besides the schistose aspect of these
metasedimentary schists, another factor differentiating
them from “cherts” is that the proportion of silica in the
metasedimentary schists does not exceed ∼ 70 vol %.

4.1.3 Veins

Two main types of veins are identified in the silicified rocks
that we analysed. The first type consists of quartz veins
that are decimetric to sub-millimetric wide (Figures 3c,d, 5).
The quartz grains filling these veins are generally coarser
than the microquartz constituting silicified volcanic and
sedimentary rocks that they intrude. In addition to the
dominant quartz, these veins sometimes contain carbonates,
in variable proportions (calcite or ankerite visually estimated
to reach 50 vol % locally), with common inclusions of quartz
grains (see Figure 7e,f). This implies that quartz and
carbonate grew coevally in the veins.

The second type of veins observed in the samples con-
sists of clay-oxide veins crosscutting both the microquartz
matrix and the quartz-veins, which suggests that these
veins formed after hydrothermal silicification near the Pa-
leoarchean seafloor. These clay-oxide veins do not exceed
the millimetric scale in size (e.g. Figure 5).

4.2 Equilibrium temperatures

Here we present the results of three different thermometers
that we analyzed to estimate the equilibrium temperatures
recorded by the Onverwacht silicified volcanic and sedimen-
tary rocks above the Komati Fault and their relationship
with the silicification process. These thermometers are
(1) the Raman spectrometry of carbonaceous material, (2)
the chemistry of chlorite and (3) the equilibrium oxygen
isotope fractionation between quartz and carbonate phases.
The peak temperature of the amphibolite-facies metamor-
phism that affected the Theespruit Formation below the
Komati Fault was previously estimated to exceed 550 °C
based on associated mineral assemblages (i.e. staurolite-
garnet-kyanite in metasedimentary rocks, and hornblende-
epidote-garnet in metamafic rocks; Cutts et al., 2014;
Diener et al., 2005), and is not re-assessed here. While
Raman spectra of carbonaceous materials were acquired
for silicified sedimentary rock samples from four different
sections above the Komati Fault (i.e. Middle Marker,
Hooggenoeg 3, Hooggenoeg 4 and Mendon 1 sections),
chlorite thermometry and oxygen isotope thermometry were
only performed for samples from the lower Middle Marker
and the uppermost Mendon sections.
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Figure 4. (a) SiO2 versus MgO diagram showing the trend followed by volcanic and sedimentary rocks during their
silicification near the Paleoarchean seafloor. (b) to (d): petrographic microphotographs depicting the textural evolution
of volcanic rocks observed from least silicified to highly silicified specimens. (e) to (g): petrographic microphotographs
showing the textural evolution of sedimentary rocks from least silicified to the highly silicified specimen. Previously analysed
silicified volcanic and sedimentary rocks from the Onverwacht Group that are shown in panel (a) for comparison were
compiled from Abraham et al. (2011), Geilert et al. (2014), Hofmann et al. (2013), Hofmann and Harris (2008), Ledevin
et al. (2014, 2019), Rouchon et al. (2009), Rouchon and Orberger (2008). The compositions of fresh volcanic rocks from
the Onverwacht Group were taken from Chavagnac (2004), Furnes et al. (2012), Lahaye et al. (1995), Parman et al.
(2001), Puchtel et al. (2013), Schneider et al. (2019).

4.2.1 Raman spectrometry of carbonaceous material

Details about Raman spectra of measured carbonaceous
materials are provided in Table S7 and representative spectra
are illustrated in Figure 6a (with all acquired spectra illus-
trated in Figure S5). These data allow us to calculate peak
temperatures of 361 ± 13 °C in the Middle Marker cherts
(SK-MM06, 2 SD, n = 11), 333 ± 18 °C in the Hooggenoeg
3 chert (SK-HO03, n = 9), 343 ± 15 °C in the Hoogge-
noeg 4 chert (SK-HO25, n = 10) and 352 ± 13 °C in the
Mendon 1 chert (SK-M113, n = 15). Average tempera-
tures per individual sample cover a narrow range of 333
to 366 °C and internal standard deviations are lower than
30 °C. Thus carbonaceous materials from the Onverwacht
cherts equilibrated at similar temperatures of ∼ 350 °C

(average = 347 ± 40 °C). An uncertainty of 50 °C is gen-
erally considered for this technique. Thus, the temperature
obtained here is consistent with low-grade metamorphic
conditions (300–400 °C) constrained by previous analyses of
the Raman spectra of carbonaceous material in Onverwacht
cherts (Alleon et al., 2021; Hofmann et al., 2013; Tice
et al., 2004; van Zuilen et al., 2007).

4.2.2 Chlorite thermometry

Equilibrium temperatures were determined based on compo-
sitional maps of chlorite using the dynamic method of Vidal
et al. (2016) and the X-map Tools software (Lanari et al.,
2014). An example of a temperature map and selected
zones for the determination of equilibrium temperature are
illustrated in Figure 6b while all other maps are provided in
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Figure 5. Illustration of clast relicts, matrix and cross-cutting veins in the black-and-white SK-HO02 chert sample from the
Hooggenoeg 3 section. Note the presence of an erosive base and the normal grading of clasts upwards in the sedimentary
layer. (a) represents a microphotograph and (b) is an interpretation sketch drawing interpreting this microphotograph and
illustrating the different quartz types and veins that are present in the rock.

Figure 6. An example of (a) Raman spectra of carbonaceous materials with associated equilibrium temperatures and
(b) thermal maps of chlorite obtained in this study. In panel (a), the location of the different peaks of carbonaceous
materials are shown by grey and black lines and reported temperatures are average values and errors correspond to 2 SD
from measurements of 9 to 15 carbonaceous materials in individual samples. The D1, D2, D3 and D4 peaks shown in
panel (a) are positions of Raman shifts related to disorganised carbon that transforms into organised graphite (G peak)
depending on the temperature of re-equilibration; the relative importance of these peaks in any carbonaceous material
allows determining the equilibrium temperature retrospectively (see Section 3.1 for further detail). In panel (b), the map
derived from treatment of compositional maps using XmapTools software and the black circle corresponds to the area
that was selected to calculate equilibrium temperatures. Notably, chlorite thermometry cannot allow a better precision
than a 2 SD of 50 °C in estimated equilibrium temperatures (Vidal et al., 2016). The scale in panel (b) corresponds to
temperature in °C.

the Figure S6. The temperatures displayed by all chlorite
rims are lower than those observed in cores due to higher
SiO2 and Al2O3 contents in the rims. Rim temperatures
are considered as unrepresentative of chlorite equilibration
because they were more prone to modification by late-stage
processes such as weathering. Equilibrium temperatures
calculated based on chlorite composition for Middle Marker
and Mendon 1 samples are similar and cover a narrow range

extending between 277 and 292 °C. Because analytical
uncertainties of the chlorite thermometry generally exceed
50 °C of error (2 SD; Bourdelle, 2021), we consider that all
the analysed chlorites equilibrated at an average temperature
of 280 ± 50 °C.
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Figure 7. Histograms showing the distribution of δ18O values and equilibrium temperatures obtained from analysed quartz
(reddish) and carbonate (bluish) assemblages. (a), (b) and (c) present results of analyses in individual assemblages of the
silicified volcanic rock sample SK-ME18 of the Mendon section. (d) presents results obtained from the single assemblage
of the silicified volcanic rock sample SK-MM11 that we analysed. Vertical lines show mean quartz δ

18O values (red)
and minimum carbonate δ

18O values (blue). The reported minimum temperatures were calculated using the following
equation: maximum Δ= 0.87( ± 0.06) × 106/T2 (Clayton et al., 1972; Sharp and Kirschner, 1994), with maximum Δ= mean
δ

18Oquartz - minimum δ
18Ocarbonate. (e), (f), (g) and (h) show the petrography of the quartz-carbonate assemblages whose

O isotope compositions are respectively displayed in (a), (b), (c) and (d).

4.2.3 Quartz-carbonate oxygen isotope thermometry

At equilibrium, the fractionation of oxygen isotopes
between quartz and carbonate phases precipitated from the
same fluid (Δ18Oquartz-carbonate = δ

18Oquartz - δ18Ocarbonate)
depends mainly on the temperature of the system
(Clayton et al., 1972; Sharp and Kirschner, 1994). We
use Δ

18Oquartz-carbonate for quartz and carbonates from
two samples of silicified volcanic rocks (Middle Marker

SK-MM11 and Mendon 1 SK-ME18) to determine their
temperature of equilibration and constrain the temperature
of silicifying hydrothermal fluids (Figure 7a-h). For the SK-
ME18 sample, we analysed two quartz-ankerite assemblages
occurring in a vein (Figure 7a,b,e,f) and one assemblage
from the matrix (Figure 7c,g). For the SK-MM11 sample,
we analysed one quartz-calcite assemblage from the matrix
(Figure 7c,e). Texturally, quartz is inclusive into carbonate
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in all analysed assemblages (Figure 7e-h), suggesting either
co-precipitation of the two minerals from the same fluid or
precipitation of carbonate after quartz. Analysed quartz is
generally coarser than matrix microquartz and, accordingly,
does not represent a portion of the matrix detached by
carbonate-saturated fluids after silicification (Figure 7a-h).
No remnant or inclusion of another mineral apart from
quartz is observed in analysed carbonates, supporting direct
precipitation of carbonate from the fluid rather than its
formation through replacement of another pre-existing
mineral. We interpret these petrographic observations as
inferring co-precipitation of analysed quartz and carbonates
from the same fluid, which justifies estimating equilibrium
fluid temperature from their isotopic composition.

Oxygen isotope compositions of analysed quartz and
carbonate spots are provided in Table S8 and summarised in
Table 1 together with calculated temperatures. In the three
quartz-ankerite assemblages of SK-ME18 sample, quartz
δ

18O values range respectively from 15.1 to 15.6 ‰, 13.9
to 15.5 ‰ and 15.4 to 15.7 ‰ (Figure 7a-c). The δ

18O
values of ankerites associated with these quartz range from
9.4 to 10.2 ‰, 9.9 to 10.9 ‰ and 11.1 to 12.9 ‰, respec-
tively. In the Middle Marker sample SK-MM11, quartz δ

18O
values range from 12.8 to 14.0 ‰ and calcite δ

18O values
range from 10.7 and 11.5 ‰ and (Figure 7d). Notably,
ankerite δ

18O values in SK-ME18 sample show an important
variation spanning ∼ 3.5 ‰, with average ankerite δ

18O
per assemblage ranging from 9.8 to 12.2 ‰. In contrast,
average quartz δ

18O per assemblage is less variable and
only ranges between 14.8 and 15.6 ‰ in sample SK-ME18
(Table 1, Figure 7a-c). We ascribe the important variation
of ankerite δ

18O towards higher values in this sample to par-
tial resetting during a later thermal event (metamorphism),
and we accordingly consider for each analysed assemblage
a least-reset maximum Δ

18Oquartz-carbonate (difference be-
tween average quartz δ

18O and minimal carbonate δ
18O)

to calculate the minimal temperature of equilibrium before
metamorphism (Table 1, Figure 7a-d). For the SK-ME18
sample, the least-reset maximum Δ

18Oquartz-carbonate values
for the three different assemblages are 6.0, 4.9, 4.5 ‰,
which correspond to temperatures of 109, 148 and 169 °C.
For the SK-MM11 quartz-calcite assemblage, we obtain a
maximum Δ

18Oquartz-carbonate of 2.6 ‰ corresponding to a
temperature of 242 °C. Considering the external analytical
uncertainty (2 SD) of ∼ 0.5 ‰ obtained in this study for
δ

18O values, an error of ∼ 50 °C is estimated for the lowest
temperature.

We interpret the range of equilibrium temperatures
(∼ 110 to ∼ 350 °C) obtained from the three different
thermometers analysed in this study (Table 1) as
recording two different episodes of thermal equilibration
in analysed rocks. The first episode corresponds to
co-precipitation of quartz and carbonate from the same
fluid at a relatively low temperature which we quantify
to ∼ 110 ± 50 °C using the maximum Δ

18Oquartz-carbonate

in one quartz-ankerite assemblage of sample SK-ME18
(Figure 7a). We associate this relatively low temperature
with hydrothermal silicification near the Paleoarchean
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seafloor. The second episode of thermal equilibration
corresponds to re-equilibration during a subsequent thermal
event at ∼ 350 ± 50 °C, as recorded by the Raman spectra
of carbonaceous material (Figures 6a and Figure S5).
Within error consistent with this temperature is the chlorite
equilibrium temperature of ∼ 280 ± 50 °C (Figure 6b). All
intermediate temperatures obtained from quartz-carbonate
assemblages (Figures 7a-d) are ascribed to incomplete
re-equilibration during the higher temperature episode.

4.3 Bulk-rock geochemistry

4.3.1 Major and trace element compositions

The major and trace element compositions of silicified rocks
that we analysed are provided in Table S9 and Table S10,
and element concentrations and ratios discussed in this
manuscript are presented in Table 2. With the increase of
microquartz volume due to silicification, SiO2 concentration
increases from the typical composition of fresh volcanic
rocks from the Onverwacht Group to more than 96 wt %.
The concentration of other major elements such as MgO,
Fe2O3, CaO and MnO decreases beyond the field of fresh
Onverwacht volcanic rocks (e.g. Figure 4a), as also previ-
ously observed by Hofmann and Harris (2008). Additionally,
in the silicified volcanic and sedimentary rocks, Zr/Hf (27.1–
47.9) and Y/Ho (20.8–35.9) ratios, which are generally used
to distinguish seawater-precipitated cherts from silicified
clastic sedimentary rocks (Bau, 1996), remain within the
range of fresh Onverwacht volcanic rocks at any SiO2

concentration (Figures 8a,b). Contrastingly, the Sm/Nd
ratio, that controls the evolution of radiogenic 143Nd isotope
abundance, shows a slight decrease with increasing SiO2

concentration both in the silicified volcanic rocks and in the
silicified sedimentary rocks, with values ranging between
0.16 and 0.39 (Figure 8c). The Lu/Hf ratio, that controls
the evolution of radiogenic 177Hf abundance, ranges between
0.02 and 0.10 in silicified volcanic and sedimentary rock
samples, extending to both lower and higher values than
fresh Onverwacht volcanic rocks (Figure 8d). Additionally,
compared to the composition of fresh volcanic rocks from
the Onverwacht Group, higher values of K2O, Rb, Ba, Sr
versus Zr ratios occur in silicified volcanic and sedimentary
rocks (e.g. higher K2O/Zr and Rb/Zr shown in Figure 8e,f).
This corroborates the previously proposed sequestration of
alkalis during hydrothermal silicification of Paleoarchean
volcanic and sedimentary rocks.

The chondrite-normalised (CN) and post-Archean
Australian Shale-normalised (PAAS) patterns of rare
elements (REE) in the analysed samples are shown in
Figure 9. Chondrite-normalised REE patterns of the
analysed samples (Figure 9a,b) are flat to positively sloped
(Pr/YbCN = 0.4–29.6), which corresponds to negatively
sloped PAAS-normalised patterns (Figure 9c,d). The
REE content of all analysed samples remain within the
field of fresh volcanic rocks and granitoids from the
Barberton. Yet, the samples depict a rough decrease of
REE content with increasing SiO2 concentration. While
all samples but one display a positive Eu anomaly on
chondrite-normalised REE patterns (Eu/Eu*CN = 0.5–

2.4, where Eu/Eu*CN = EuCN / (SmCN
2 × TbCN)1/3),

chondrite-normalised patterns of the silicified volcanic and
sedimentary rock samples display both positive and negative
Eu anomalies (Eu/Eu*CN = 0.3–1.5). Two out of the three
metasedimentary schist samples from the Theespruit section
display negative Eu anomalies down to 0.44. Negative Ce
anomalies (Ce/Ce*PAAS = CePAAS / (PrPAAS

2 / NdPAAS)) are
common in our sample set (for example, Ce/Ce*PAAS = 0.39
and 0.51 in samples SK-HO01 and SK-HO05 respectively).
Positive PAAS-normalised Ce anomalies were also
measured in the Middle Marker volcanic rock sample
SK-MM10 (Ce/Ce*PAAS = 1.34), Middle Marker chert
sample SK-MM04 (Ce/Ce*PAAS = 1.30) and in the
Theespruit metasedimentary schist sample SK-TH11
(Ce/Ce*PAAS = 1.44). Finally, Y/Ho ratios of analysed
silicified rock samples range between 21.3 and 36.0 and
reflect minor Y anomalies on REE patterns.

4.3.2 Sm-Nd and La-Ce isotopic compositions

Results obtained for the two long-lived 138La-138Ce and
147Sm-143Nd systematics in eleven representative samples
(3 silicified volcanic rocks and 8 silicified sedimentary rocks)
and the BHVO-2 reference basalt are presented in Table 3
and Figure 10. Values for 138La/142Ce ratios are calculated
considering the equation 138La/142Ce = La/Ce × 0.0082236
(calculated considering masses and isotopic abundances
reported in Schnabel et al., 2017). The silicified volcanic
rocks show a narrow range of 143Nd/144Nd and 138Ce/142Ce
ratios. Silicified sedimentary rocks evolve from the com-
position of silicified volcanic rocks to higher 138Ce/142Ce
and lower 143Nd/144Nd ratios. The 138La/142Ce generally
cover a narrow range in samples that are free of significant
Ce anomalies. Samples that display a significantly nega-
tive Ce anomaly are characterised by considerably higher
138La/142Ce ratios, whereas the opposite is observed for
samples that display positive Ce anomalies.

In a 147Sm/144Nd vs 143Nd/144Nd isochron diagram, sam-
ples are aligned along a theoretical 3.4 Ga Sm-Nd isochron,
except two samples that are shifted on the left side (Fig-
ure 10a). These samples are SK-HO01 (volcanic rock
sample) and SK-HO05 (chert), that display negative Ce
anomalies (Figure 10c). For the La-Ce systematics, all
samples except four plot close to the theoretical 3.4 Ga
isochron (Figure 10b). The four samples falling off the
regression line are those characterised by negative (SK-
HO01, SK-HO05) or positive Ce anomalies (SK-TH11 and
SK-MM04; Figure 10c). These samples also have extreme
initial εNd and εCe values when back-calculated to 3.4 Ga
with values up to +27 and down to -27, respectively. Such
values confirm that measured parent/daughter ratios cannot
be used to correct from radiogenic ingrowth because they
have been modified since the rock emplacement. More
importantly, we note that rocks from the same group have
relatively close Ce and Nd isotopic composition whether
they display Ce anomalies or not. This suggests that the
Ce anomalies were generated relatively recently.

Of the eleven samples for which we measured 138La-
138Ce and 147Sm-143Nd isotopic composition, five samples
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Figure 8. Evolution of selected elemental ratios with increasing SiO2 concentration. (a) and (b): SiO2 versus Zr/Hf and
Y/Ho ratios for which silicified volcanic rocks generally remain within the range of fresh volcanic rocks for these ratios. (c):
SiO2 versus Sm/Nd showing that this ratio decreased slightly during silicification. (d): SiO2 versus Lu/Hf ratio showing
significantly variable Lu/Hf ratios in silicified volcanic (and sedimentary) rocks compared to fresh volcanic rocks. (e) and
(f): SiO2 versus K2O/Zr and Rb/Zr ratio. We note higher K2O/Zr and Rb/Zr ratios in silicified rocks compared to fresh
volcanic rocks. References for the comparison data compiled from previous studies are given in Figure 4 caption.

have a negligible Ce anomaly with Ce/Ce*PAAS ranging
between 0.92 and 0.95. The 138La-138Ce and 147Sm-143Nd
isotope systematics of these five samples define respective
errorchrons of 3.9 ± 0.6 Ga and 3.7 ± 1.1 Ga (see Figure S7).
The large age errors calculated from the regressions in
isochron plots are likely due to a combined influence of the
limited number of fresh samples (only five), their slightly
different ages (Table 3) and potential initial isotopic hetero-
geneities. These ages remain within error (although large

ones) consistent with the formation of the Onverwacht
Group between 3.5 and 3.3 Ga ago, despite being slightly
older.

5 Discussion

The petrographic, thermometric and geochemical data re-
ported in this study offer a unique opportunity to unravel the
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Figure 9. Chondrite (a and b) and PAAS (c and d) normalised REE patterns of the analysed silicified volcanic and
sedimentary rock samples. Chondrite values are from Anders and Grevesse (1989), and PAAS values are from Taylor and
McLennan (1985). Colour-coding based on SiO2 concentration illustrates that the REE content of the analysed samples
decreases with increasing SiO2 concentration. For comparison, we report the field of REE patterns measured in fresh
Onverwacht volcanic rocks (Chavagnac, 2004; Furnes et al., 2012; Lahaye et al., 1995; Parman et al., 2001; Puchtel
et al., 2013; Schneider et al., 2019) and in Barberton granitoids (Moyen et al., 2019). Samples highlighted with dotted
lines, including SK-HO01, SK-HO05, SK-HO09, SK-TH11, SK-MM04, exhibit pronounced Ce anomalies discussed in the
full text.

various processes that have influenced the composition of sili-
cified volcanic and sedimentary rocks from the Onverwacht
Group (BGB) since their deposition on the Paleoarchean
seafloor. This is important because geochemical constraints
on fluid properties near the Paleoarchean seafloor require
excluding the effects of any later process. In this discussion,
we corroborate and complement previous studies that have
identified a series of processes affecting the mineralogy and
the geochemistry of silicified rocks and cherts currently
exposed in the Onverwacht Group, including: (1) near-
seafloor silicification (Duchac and Hanor, 1987; Hofmann
and Harris, 2008), (2) regional metamorphism(s) (Grosch,
2018) and (3) weathering by meteoritic fluids (Bonnand
et al., 2020; Lowe and Byerly, 2007b). A summarised
geological history of these rocks is illustrated in Figure 11
and the respective influence of each process on their miner-
alogical and geochemical characteristics is discussed below.

5.1 Evaluating the effects of late-stage weathering and
metamorphism

5.1.1 Weathering by post-Archean oxidised fluids and
significance of the Ce anomaly

The clay-oxide veinlets crosscutting both quartz veins and
microquartz matrix in the analysed rocks indicate the circu-
lation of oxidised fluids after the hydrothermal silicification
event (Figures 5, 10d; Lowe and Byerly, 2007b; Reimann
et al., 2021; Saitoh et al., 2021). Samples with relatively
high volumes of these late-stage clay and oxide phases
also exhibit negative Ce anomalies, suggesting that their
formation post-dated hydrothermal silicification (Figure 9).
In BIFs from the Moodies Group, Bonnand et al. (2020)
convincingly attributed similar anomalies to the late-stage
addition of LREEs by Ce-free oxidised weathering fluids,
based on the La-Ce isotopic system. Consistently, samples
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Figure 10. Results for (a) La-Ce and (b) Sm-Nd isotopic systematics measured in selected silicified volcanic and sedimentary
rock samples represented in isochron diagrams. (c) 138La/142Ce versus Ce/Ce*PAAS. In (a) and (b) the red oblique lines
represent a theoretical isochron of ∼ 3.4 Ga-old material starting from a chondritic isotopic composition, and in (c) shows
the position of samples that are free of Ce anomalies. Isochrons of different ages are represented in (b). They are anchored
near the current La-Ce isotopic composition of mafic samples that are almost free of Ce anomalies. The alignment of
most samples along theoretical isochrons suggests that the parent/daughter ratios of the studied rocks have not been
significantly modified by post-Paleoarchean processes. Two samples fall off the regression lines for both isotopic systematics,
SK-H005 (chert) and SK-HO01 (volcanic rock sample). These two samples characterised by negative Ce anomalies deviate
to the right-hand side of the 138La/142Ce-138Ce/142Ce regression (138La/142Ce increase). Additionally, samples SK-TH11
and SK-MM04 showing positive Ce anomalies deviate to the left-hand side of the 138La/142Ce-138Ce/142Ce regression
(138La/142Ce decrease). These results prove that the La/Ce fractionation reflected by Ce anomalies is not pristine but
reflects post-depositional processes. Panel (d) shows a microphotograph of the highly altered SK-HO01 silicified volcanic
rock sample, depicting late-stage veins of clay and oxides. Note that error bars are smaller than the size of symbols. For
comparison, isotopic data of Barberton BIF samples from the Fig Tree and Moodies units that were previously published
by Hayashi et al. (2004) and Bonnand et al. (2019) are also reported.

in our study displaying negative Ce anomalies deviate from
the 3.4 Ga theoretical isochron, following the trend of in-
creasing 138La/142Ce ascribed by Bonnand et al. (2020) to
oxidising weathering. We thus interpret these negative Ce
anomalies as a consequence of weathering in an oxidised
environment (Figure 11d). Two samples (SK-TH11 and
SK-MM04) displaying positive Ce anomalies likely repre-
sent lithologies from where oxidised fluids leached trivalent
LREE, leaving behind the immobile Ce4+. Indeed, these
samples follow a trend of deceasing 138La/142Ce, which
contrasts with samples featuring negative Ce anomalies
(Figure 10b). Silicified volcanic and sedimentary rocks
lacking Ce anomalies plot near the theoretical 3.4 Ga La-
Ce isochron, indicating that the La-Ce isotopic system
remained closed since hydrothermal silicification. This is

consistent with the 3.9 ± 0.6 Ga isochron age calculated
from the Ce anomaly-free samples regardless of the wide
error characterising this age due to the low number and
variable nature and origins of samples (Figure S7). The
similarity in 138Ce/142Ce ratios between non-weathered (i.e.
no Ce anomaly) and weathered volcanic rocks demonstrates
that the 138La/142Ce ratios have been modified during the
last 1 Ga (no significant radiogenic ingrowth) as illustrated
in Figure 10b. The La-Ce isotopic data clearly demonstrate
that the Ce anomalies observed in Paleoarchean silicified
volcanic and sedimentary rocks are due to post-Archean
circulations of oxidised weathering fluids. Hofmann and
Harris (2008) originally proposed this interpretation in their
study combining petrographic descriptions and trace ele-
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ment analyses. Our isotopic data provide a robust and
unambiguous confirmation.

We also investigate the influence of oxidising weather-
ing fluids on the Sm-Nd isotopic composition of analysed
rock samples. Samples displaying significantly negative Ce
anomalies (Ce/Ce*PAAS as low as 0.39–0.51) deviate from
the theoretical 3.4 Ga Sm-Nd isochron (Figure 10a). This
deviation likely results from a decrease of 147Sm/144Nd ratio
during the circulation of weathering oxidised fluids (Lahaye
et al., 1995). On the other hand, samples that are free
of Ce anomalies remain on the theoretical 3.4 Ga Sm-Nd
isochron, implying that these samples have preserved their
Sm-Nd isotopic systematics ever since their hydrothermal
silicification near the Paleoarchean seafloor. The Sm-Nd
age of 3.7 ± 1.1 Ga obtained from these samples is within
uncertainty consistent with the formation of the Onverwacht
Group between 3.5 and 3.0 Ga ago.

Although this study focuses exclusively on silicified vol-
canic and sedimentary rocks, alteration episodes and pro-
longed exposure to oxidised meteoric conditions can modify
the Ce content of rocks of different compositions (Banerjee
et al., 2016; Bonnand et al., 2020; Planavsky et al., 2020;
Pfennig et al., 2025). Consequently, Ce anomalies in
Archean supracrustal rocks must be interpreted with caution.
To evaluate whether a Ce anomaly is pristine or secondary in
a rock sample, petrographic screening of meteoric alteration
evidence, ideally combined with a detailed study of the La-Ce
isotopic system, is strongly recommended. Our study shows
that LREE contents can be significantly modified. Hence,
future Sm-Nd isotopic studies should consider the absence
of a Ce anomaly as a primary criterion for selecting samples
likely to preserve isotopic signatures of the Paleoarchean
uppermost oceanic crust.

5.1.2 Effects of regional metamorphism on thermometric
and geochemical data

Our analyses of chlorite composition and carbonaceous
material spectra confirm that a 280–350 °C thermal event
re-equilibrated the mineralogy of silicified volcanic and sedi-
mentary rocks across the investigated sections north of
the Komati Fault (Figure 6). This finding aligns with
previous geothermometric studies in the Onverwacht Group
(e.g. Grosch, 2018; Tice et al., 2004; Xie et al., 1997).
We agree with prior interpretations that this 280–350 °C
temperature range reflects regional metamorphism in the
BGB (Figure 11c; Tice et al., 2004; Xie et al., 1997) as
it uniformly affects the studied sections despite their age
difference. This metamorphic overprint may correspond to
one or several metamorphic events previously documented
by radiogenic data and which affected the BGB around
3.2, 3.1 or 2.7 Ga (Grosch, 2018; Lécuyer et al., 1994;
Stevens and Moyen, 2007; Toulkeridis et al., 1998; Weis
and Wasserburg, 1987b).

Because hydrothermal silicification reduced rock perme-
ability (Alleon et al., 2021; Ledevin et al., 2015), important
modification of major and trace element compositions of
the silicified rocks by pervasive fluid circulation at the
metamorphic stage is not expected. The possibility of

Kitoga et al. (2026) Adv. Geochem. Cosmochem. 2(1): 773, 10.33063/agc.v2i1.773 18

10.33063/agc.v2i1.773


History & geochem. signatures of hydrothermally silicified volc. & sed. rocks from the Paleoarchean Barberton Greenstone Belt

Figure 11. Cartoon illustrating the history of the studied samples reconstructed based on the presented data with a focus
on fluid-involving and temperature-involving processes. Stage I represents an episode of submarine volcanism followed by
the deposition of continentally derived clastic sediments and/or remobilised pyroclastites. Stage II represents the episode
of silicification near the seafloor at < 150 °C due to circulations of seawater-derived hydrothermal fluids that are heated
at depth in the oceanic crust (Abraham et al., 2011; de Wit and Furnes, 2016). This episode must have operated in at
least two different stages consisting of the silicification of the matrix and the formation of chert veins that crosscut the
early silica-rich cement. Stage III represents the regional metamorphism at 280–350 °C that is recorded by the Raman
spectra of carbonaceous material and chlorite composition, and that generated variable δ

18O values in quartz-carbonate
assemblages. Finally, stage IV illustrates the circulation of meteoritic fluids after exhumation of the studied samples near
oxidised meteoric conditions that generated Ce anomalies in some samples. Grey areas represent silicified zones.

focused fluid circulations during regional metamorphism
is also precluded by the fact that no generation of veins
can be unambiguously related to metamorphism in the
silicified rocks. Previous studies have already associated
chert or quartz veins like the ones observed in our samples
(Figures 3, 5) with hydrothermal silicification near the
seafloor (Hofmann and Harris, 2008; Ledevin et al., 2015;
Paris et al., 1985) rather than regional metamorphism.
Indeed, the similarity of δ

18O and δ
30Si values between

quartz veins and microquartz matrix in individual samples
suggests that both quartz veins and microquartz precipitated
from the same hydrothermal fluid (Kitoga et al., 2024). In
this study, maximum Δ

18Oquartz-carbonate obtained in veins
collectively provide equilibrium temperatures lower than
280 °C (Figure 7a,b), supporting that these veins did not
form during the hotter metamorphic event. We interpret
however the notable increase in ankerite δ

18O values in
sample SK-MM18, resulting in the quartz-carbonate equi-
librium temperatures exceeding the minimum of ∼ 110 °C
(Figure 7a-c), as an effect of metamorphism, because

carbonate is more prone to isotope re-equilibration than
quartz (Hyslop et al., 2008). As quartz average δ

18O values
do not significantly change in sample SK-MM18, these
values are less prone to resetting by metamorphism and are
therefore good proxies for reconstructing the composition of
Paleoarchean silicifying fluids (e.g. Cammack et al., 2018;
Kitoga et al., 2024; Marin-Carbonne et al., 2011; Marin
et al., 2010; Stefurak et al., 2015). In the Onverwacht
Group, different δ

18O values observed in highly silicified
volcanic rocks and cherts (SiO2 > 90 wt %) from different
stratigraphic units (e.g. Komati section versus Mendon
1 section, Figure 7) were ascribed to metamorphism by
Knauth and Lowe (2003). However, because quartz, which
is the dominant constituent of these rocks, appears to
preserve its δ18O value during regional metamorphism, meta-
morphism cannot explain the difference of δ18O in silicified
volcanic rocks from different stratigraphic positions in the
Onverwacht Group. Instead, we interpreted this observation
as due to changes over time in the thermal structure of
the crust affecting fluid/rock isotopic exchanges in the sub-
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oceanic hydrothermal system (Kitoga et al., 2024; Tatzel
et al., 2022). While evidence of alkali (e.g. K2O, Na2O
and Rb) mobilisation due to metamorphism exists in the
literature (e.g. Aguirre, 1988; Tanner and Miller, 1980),
such mobilisation cannot explain the highest K2O/Zr and
Rb/Zr (Figure 8e,f) which reflect the presence of fine-
grained muscovite in our silicified volcanic and sedimentary
rock samples (Figure 4b-f). In fact, K2O/Zr and Rb/Zr
ratios are low in fresh volcanic rocks from the Onverwacht
group (Figure 8e,f) that underwent the same metamorphic
transformation (Xie et al., 1997) and that are more perme-
able (Alleon et al., 2021, and therefore more prone to alkali
precipitation) than the silicified rocks. Thus, we consider
that regional metamorphism operated at low fluid/rock
ratio and cannot have significantly affected the bulk-rock
composition of the analysed rocks. We agree with Lécuyer
et al. (1994) that geochemical features such as alkali, REE
and HFSE abundances discussed below were not significantly
modified at the metamorphic stage.

5.2 Quantifying the temperature of the Paleoarchean
silicifying hydrothermal fluids

We determined a minimum equilibrium temperature
of ∼ 110 ± 50 °C from the maximum Δ

18Oquartz-carbonate

obtained in our dataset from silicified volcanic rock
sample SK-ME18. This temperature is the lowest so
far obtained quantitatively for Archean hydrothermal
fluids using oxygen isotope fractionation between quartz
and carbonate in silicified rock and chert samples from
the BGB (Figure 7). Sample SK-MM18 exhibits no Ce
anomaly or clay-oxide veins, which would be expected
if its recorded temperature resulted from alteration by
late-stage weathering fluids (Section 5.1.1). Thus, we
interpret this temperature as the closest estimate of the
hydrothermal fluid temperature responsible for silicification.
This temperature is significantly lower than equilibrium
temperatures of 148 to 310 °C derived from both maximum
and mean Δ

18Oquartz-carbonate of all other quartz-carbonate
assemblages analysed in this study (Figure 7). It is also
lower than temperatures of 186 to 301 °C reported by
Marin-Carbonne et al. (2011) who were the first to
apply this thermometer on Onverwacht cherts. This
suggests that the SK-MM18 sample presents a rare,
well-preserved quartz-carbonate assemblage, providing
a unique opportunity to constrain the temperature of
hydrothermal fluids from which quartz and carbonate
initially co-precipitated.

The Δ
18Oquartz-carbonate thermometer is more reliable than

those based on δ
18O or δ

30Si values of quartz or carbonate
individually because the latter thermometers imply an as-
sumption about the δ

18O value of silicifying fluids (Abraham
et al., 2011; Hofmann and Harris, 2008; Shibuya et al.,
2012; Tatzel et al., 2024). Most previous studies proposed
that Paleoarchean silicifying fluids must have been cooler
than 150 °C based on bulk-rock δ

18O or δ
30Si values of

silicified volcanic rocks, in agreement with the temperature
of ∼ 110 °C obtained here (e.g. Abraham et al., 2011;
Hofmann and Harris, 2008). However, these studies relied

on the assumption that the Si and O isotopic composition of
Archean fluids was similar to that of modern seawater, which
is not necessarily accurate (Bindeman and O’Neil, 2022;
Jaffrés et al., 2007; Kitoga et al., 2024). We acknowledge
that the temperature of ∼ 110 °C constrained here for the
silicifying hydrothermal fluids has the drawback of deriving
from a single quartz-carbonate assemblage. Yet, it repre-
sents a precious quantitative temperature with no assump-
tion on the composition of hydrothermal fluids. Although
this calculated temperature may include uncertainties due
to thermometer calibration and carbonate type (Chacko
and Deines, 2008; Marin-Carbonne et al., 2011), these
parameters are unlikely to affect it beyond the estimated
uncertainty of ± 50 °C. The relatively low temperature
estimated here is consistent with the sequestration of alkalis
(e.g. high K2O/Zr and Rb/Zr in Figure 8e,f), which is
also a classical characteristic of volcanic rocks undergoing
low-temperature (< 150 °C) hydrothermal alteration near
the modern seafloor (Alt et al., 2010; Bach et al., 2003;
Coogan and Gillis, 2018; Gillis and Robinson, 1990; Hart
and Staudigel, 1982; Hauff et al., 2003; Kelley et al., 2003).

The possibility that metamorphism may have increased
the δ

18O value of carbonate even in the best-preserved
assemblage yielding a temperature of ∼ 110 °C, albeit to
lesser extent than it did for the other analysed assemblages
(Section 5.1.2, Figure 7), cannot be completely ruled out.
Therefore, the temperature of ∼ 110 °C constrained here
may represent only an upper limit for the real temperature
of the silicifying hydrothermal fluid.

5.3 Inferences on geochemical signatures related to
hydrothermal silicification near the Paleoarchean
seafloor

5.3.1 Evidence that seawater-like Y/Ho and Zr/Hf ratios
could not derive from hydrothermal silicification

Both cherts precipitated chemically from seawater and
cherts resulting from hydrothermal silicification of clastic
sediments are present in Paleoarchean terrains in general
(Allwood et al., 2010; Djokic et al., 2024; van den Boorn
et al., 2010), and particularly in the BGB (Ledevin et al.,
2014, 2019; Lowe and Byerly, 2007a; Tice and Lowe, 2006).
These different types of rocks equilibrated with very different
types of fluids, namely seawater for chemical cherts and
hydrothermal fluid for the silicified clastic sedimentary rocks
(Kitoga et al., 2024; Lowe et al., 2020). Distinguishing
these different types of rocks (or cherts) is therefore es-
sential for constraining separately the properties of the
Paleoarchean seawater and hydrothermal fluids (Lowe et al.,
2020; Perry and Lefticariu, 2007).

We have observed sedimentary grain contours and erosive
bases in grey and black-and-white chert samples (Figures 4d,
5), which we therefore classify as silicified clastic sedimen-
tary rocks. In cases where petrographic observations do not
allow a conclusive distinction between the different types of
cherts, geochemical criteria provide the only possible way to
determine the chert type (e.g. Bolhar et al., 2004; Brengman
and Fedo, 2018). Cherts displaying elevated Y/Ho or Zr/Hf
ratios are generally considered as pure seawater precipitates
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(Allwood et al., 2010; Djokic et al., 2024; Geilert et al.,
2014; Sugahara et al., 2010; van den Boorn et al., 2007),
because Phanerozoic oceans and their precipitated chemical
sediments show high Y/Ho and Zr/Hf ratios (Alibo and
Nozaki, 1999; Hongo et al., 2006; Olivier and Boyet, 2006;
Schmidt et al., 2014). However, this classification has been
challenged by studies suggesting that hydrothermally silici-
fied volcanic and clastic sedimentary rocks can also acquire
high Y/Ho and Zr/Hf ratios through water-rock interactions
(Brengman and Fedo, 2018; Yoshida et al., 2024). Although
our trace element data demonstrate that the concentration
of REEs was modified during the hydrothermal silicification
of volcanic and sedimentary rocks (see Section 5.1.1),
these data combined with a literature compilation reveal
that the Y/Ho and Zr/Hf ratios (Figure 8a,b) of silicified
volcanic rocks remained within the field of fresh volcanic
rocks from the Onverwacht Group. This demonstrates
that hydrothermal silicification did not increase Y/Ho and
Zr/Hf ratios to extreme values characteristic of the modern
ocean and its chemically precipitated sediments, consistently
with the proposition of Allwood et al. (2010), Geilert et al.
(2014) and van den Boorn et al. (2010). Importantly, even
black cherts lacking clear petrographic textures of clastic
sedimentary rocks also exhibit Y/Ho and Zr/Hf ratios within
the range of fresh volcanic rocks. This shows that the black
cherts studied here originated from the silicification of clastic
sedimentary units and are not pure seawater precipitates.

Cherts with high Y/Ho and Zr/Hf (up to 124 and 103,
respectively) have been identified in the Buck Reef Unit
of the Onverwacht Group (see the highest values on Fig-
ure 8a,b; Geilert et al., 2014; Ledevin et al., 2019). As per
petrographic descriptions in previous studies, these cherts
have a pure white or black colour and are free of clast
ghosts observed in some of our silicified clastic sedimentary
rock samples (Figure 5), which is the reason why they were
interpreted as pure seawater precipitates (Geilert et al.,
2014; Ledevin et al., 2019; Lowe et al., 2020). Indeed,
the elevated Y/Ho and Zr/Hf ratios observed in some
Buck Reef Unit cherts are absent in silicified volcanic and
sedimentary rocks, confirming that these values are inherited
from seawater. Stable O and Si isotopic analyses also
confirmed the presence of seawater-derived silica in these
seawater-precipitated cherts (Kitoga et al., 2024; Lowe
et al., 2020; Marin-Carbonne et al., 2011; Stefurak et al.,
2015). Additionally, the triple oxygen isotopic composi-
tion of these chemical cherts demonstrated that part of
their oxygen originated from hydrothermal overprint on the
seafloor (Kitoga et al., 2024). Thus, their current Y/Ho
and Zr/Hf ratios may not necessarily represent the real
values that they featured directly after precipitation from
the Paleoarchean seawater. Yet, we maintain that the
elevated Y/Ho and Zr/Hf values are undisputable evidence
that these cherts precipitated chemically from seawater
before eventually interacting with hydrothermal fluids on the
seafloor. Such elevated Y/Ho and Zr/Hf ratios are rare in
Barberton cherts (Figure 8a,b), highlighting the scarcity of
reliable proxies of pure Archean seawater in this terrain (e.g.
Lowe et al., 2020). Investigations of seawater properties

in the BGB should focus on stratigraphic units such as the
Buck Reef Unit showing potential trace element signatures
of pure (or only minimally modified) seawater-precipitated
cherts.

5.3.2 Evidence and significance of differential REE mobil-
isation during hydrothermal silicification

The composition of silicified volcanic and sedimentary rocks
unaffected by late-stage weathering (i.e. those exhibiting
minimal or no Ce anomaly, see Figure 9) supports the
previous interpretation that Paleoarchean hydrothermal sili-
cification altered REE concentrations and ratios (Brengman
and Fedo, 2018; Hofmann and Harris, 2008). Abundance of
REEs systematically decreases with increasing SiO2 content
(Figure 9), consistent with dilution by the addition of silica
phases precipitated from hydrothermal fluids into the rocks.
Both positive and negative Eu anomalies are also observed in
chondrite-normalised REE patterns of the silicified volcanic
and sedimentary rock samples (Figure 9a,b). As proposed in
earlier studies (Bach et al., 2003; Hofmann and Harris, 2008;
Yoshida et al., 2024), these Eu anomalies are attributed to
(1) plagioclase dissolution and (2) the decoupled charge-
dependent behaviour of Eu2+ relative to REE3+ in aqueous
systems. A decrease of the Sm/Nd ratio with increasing
SiO2 content is also observed in silicified volcanic and
sedimentary rocks (Figure 8c). Although the bulk-rock
Sm/Nd ratio is expected to decrease with increasing SiO2

content due to magmatic differentiation (Villemant, 1988;
Garçon, 2021; Bea et al., 2023), this process does not
explain our observation because the increase of SiO2 in these
rocks is mainly due to replacement of primary minerals by
hydrothermal microquartz (Figure 4). Instead, the decrease
of Sm/Nd with increasing SiO2 can be explained by the two-
stage model of fluid-rock interaction in early Archean silica-
rich hydrothermal systems proposed by Kutyrev et al. (2024).
According to this model, dissolution of primary magmatic
phases (e.g. glass and plagioclase) firstly allowed the release
of elements (including REEs) from the rocks by a (relatively
acidic) fluid, then, in a second stage, these elements were
selectively re-precipitated into the rocks within or at the
interface of secondary mineral phases such as oxhydroxide,
clay and microquartz. The Archean seawater and resultant
silica-rich hydrothermal fluid are generally believed to have
been acidic (Halevy and Bachan, 2018; Krissansen-Totton
et al., 2018; Rouchon and Orberger, 2008), and lighter
REEs are known to preferentially re-precipitate from such
acidic fluids compared to heavier REEs (Calvert et al., 1987;
Falcone et al., 2022; Quinn et al., 2006). The decrease
of Sm/Nd ratio with increasing SiO2 concentration may
therefore reflect the acidic conditions of the hydrothermal
fluids.

Silicified volcanic and sedimentary rocks also exhibit a
wider range of Lu/Hf ratio compared to fresh volcanic rocks
from the Onverwacht Group. Unlike the systematic decrease
in Sm/Nd ratios, the variable Lu/Hf values cannot be fully
explained by dissolution-precipitation reactions during inter-
action with acidic hydrothermal fluids (Figure 8d). Although
no data exists on the relative stability of Lu and Hf in
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acidic hydrothermal fluids, the continuous evolution of most
silicified volcanic and sedimentary rocks towards lower Lu/Hf
ratios with increasing SiO2 content (Figure 8d) supports
that the circulation of acidic hydrothermal fluids promoted
the development of lower Lu/Hf ratios relative to fresh
volcanic rocks (André et al., 2019). However, this mecha-
nism cannot explain the highest Lu/Hf ratios observed in
some silicified samples (Figure 8d). We tentatively propose
that the highest Lu/Hf ratios resulted from the late-stage
precipitation of carbonate minerals after hydrothermal fluids
evolved toward a more alkaline composition. Sedimentation
or eruption on the seafloor could isolate the originally acidic
hydrothermal fluids from recharge of Paleoarchean seawater,
allowing these fluids to evolve towards a more alkaline
composition at an advanced stage of silicification (Shibuya
et al., 2010). Modern hydrothermal systems show that, in
alkaline fluids, HFSE and HREEs behave differently: HFSE
tend to remain as free aqueous metals, whereas HREEs
preferentially form stable carbonate complexes (REECO3-;
Calvert et al., 1987; Falcone et al., 2022; Quinn et al., 2006).
Thus, carbonate precipitation in this context would increase
the Lu/Hf ratio of the rock. In our sample set, the highest
Lu/Hf ratios are associated with highly silicified rocks (SiO2

> 80 wt %; Figure 8d) and a greater abundance of carbonate
phases (e.g. carbonates shown in Figure 7e-h), support-
ing the hypothesis of late-stage carbonate precipitation.
Collectively, these observations demonstrate that fluid-rock
interactions led to differential mobilisation and redistribution
of REEs and HFSE, significantly modifying Sm/Nd and
Lu/Hf ratios of the rock, although the precise link between
these chemical signatures and fluid pH evolution warrants
further mineralogical analyses.

The modification of Sm/Nd and Lu/Hf ratios due to
hydrothermal silicification of the uppermost portion of the
Paleoarchean oceanic crust implies that the composition
of hydrothermal fluids discharged into Archean oceans was
different from that of the leached oceanic crust. Conse-
quently, chemical fractionation of Lu/Hf during hydrother-
mal processes could be considered as an alternative option
to explain the highly radiogenic Hf isotopic signature ob-
served in Archean BIF commonly interpreted to result from
incongruent weathering of felsic continents (e.g. Viehmann
et al., 2018, 2020). Additionally, given the significant
modification of Sm/Nd and Lu/Hf ratios by hydrothermal
silicification, silicified volcanic and sedimentary rocks would
have developed, over time, less radiogenic εNd and more
variable εHf values compared to fresh Paleoarchean mafic-
ultramafic volcanic rocks. The potential recycling of a
silicified uppermost oceanic crust, chemically distinct from
non-silicified crust (e.g André et al., 2019; Deng et al.,
2019; Kitoga et al., 2024; Lei et al., 2023; Trail et al.,
2018; Vezinet et al., 2018) must therefore be considered
when interpreting Nd and Hf isotopic compositions to study
early Earth crustal evolution. Evidence of recycled material
with lower εNd and εHf compared to pristine Archean mafic
crust can no longer be unambiguously linked to the existence
of felsic continents on the early Earth (Dhuime et al., 2012;
Roberts and Santosh, 2018), as such isotopic signatures

could equally record the recycling of a silicified oceanic
crust.

6 Concluding remarks

The comprehensive dataset acquired in this study allows
identification of incremental petro-geochemical modifica-
tions recorded by seafloor-derived, hydrothermally silicified
volcanic and clastic sedimentary rocks from the 3.5–3.2 Ga-
old Onverwacht Group throughout their long geological
history. This allows us to better constrain the geochemical
signatures inherited from hydrothermal silicification near the
Archean seafloor. Late-stage clay and Fe-oxide phases asso-
ciated with bulk-rock Ce anomalies document weathering of
some of the analysed rocks by oxidised fluids. Using the La-
Ce radiometric system, we demonstrate that this weathering
episode operated during the last 1 Ga, because 138Ce/142Ce
ratios are not considerably different between weathered
samples displaying Ce anomalies and non-weathered samples.
This event is quite recent compared to the Paleoarchean
age of the analysed rocks.

In addition, an episode of regional metamorphism con-
strained by chlorite thermometry and Raman spectroscopy
of carbonaceous materials appears to have recrystallised the
silicified volcanic and sedimentary rocks at temperatures
that exceeded 280 °C. Lacking textural and geochemical
evidence of elevated fluid/rock ratio for this metamorphic
episode, we consider that metamorphism did not signifi-
cantly modify the bulk-rock composition of the analysed
rocks. Although an evident influence of late-stage re-
gional metamorphism on the δ

18O value of carbonate is
observed, the Δ

18Oquartz-carbonate of a uniquely preserved
quartz-carbonate assemblage allows us to quantify an equilib-
rium temperature of 110 ± 50 °C, which is interpreted as the
upper limit of the silicifying hydrothermal fluid temperature.

After excluding samples affected by post-Archean weath-
ering (Ce anomalies), our results demonstrate that hy-
drothermal silicification could not produce supra-chondritic
Y/Ho and Zr/Hf ratios characterising Archean seawater-
precipitated chemical cherts. Thus, these elemental ra-
tios remain robust indicators that distinguish seawater-
precipitated cherts from hydrothermally silicified clastic
sedimentary rocks. Furthermore, silicification is shown to
have lowered Sm/Nd ratios and produced wide variations
of Lu/Hf ratios in silicified volcanic and clastic sedimentary
rocks. Consequently, silicified Paleoarchean volcanic and
clastic sedimentary rocks could evolve towards distinct
radiogenic Nd and Hf isotopic signatures relative to their
non-silicified counterparts. The effect of hydrothermal
silicification must be considered more carefully in future
Sm-Nd and Lu-Hf isotope studies of Archean rocks.
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